Human observers viewed two superimposed cyclopean gratings in dynamic random noise. Neither grating was visible monocularly. The disparities of the two gratings were counterphase-modulated at different temporal frequencies. We recorded frequency domain brain responses at ultra-high frequency resolution (0.008 Hz) by means of nondestructive zoom-FFT. The response to the superimposed gratings was quite different to the sum of responses to the two individual gratings. We used this strong nonlinearity to investigate the orientation tuning of the cyclopean mechanism that responded to the gratings. One grating had a fixed orientation while the other was rotated. Half-sensitivity full bandwidth was greater than 90°. This is considerably greater than the corresponding bandwidth (30°) for luminance-defined (LD) gratings [Vis. Res. 27 (1987Res. 27 ( ) 2181. Furthermore, the cyclopean nonlinearity was different from the corresponding nonlinearity for LD gratings. Brain responses to a single cyclopean grating showed an inverse oblique effect over a 1.2-1.9°range of bar widths, but not for smaller or larger bar widths. Ó
Introduction
It is well known that, when the two patterns of a stereopair are viewed dichoptically in binocular fusion, shapes can be clearly seen that are perfectly camouflaged when one eye is closed. A disparity-defined (DD) shape of this kind is said to be detected by the cyclopean visual system, detection being based on sensitivity to relative disparity at an information-processing stage subsequent to the convergence of visual information from the left and right eyes 1 (Julesz, 1960 (Julesz, , 1971 . Psychophysically based models of the detection of DD form have been reviewed by Tyler (1991 Tyler ( , 1995 . In brief, there is psychophysical evidence for an early visual processing stage that can be modelled in terms of a parallel array of spatial filters for cyclopean form, each of which is tuned to orientation and spatial frequency, and has a strictly local receptive field 2 (Cavanagh, 1989; Vision Research 42 (2002) 661-668 www.elsevier.com/locate/visres q Some of the findings reported here were previously presented at meetings of the Association for Research in Vision and Ophthalmology (Regan, Hong, & Regan, 1999 . * Corresponding author. Address: Department of Psychology, York University, BSB Rm. 375, 4700 Keele Street, North York, Ontario, Canada M3J 1P3. Tel.: +1-416-736-5115; fax: +1-416-736-5814.
E-mail address: dregan@yorku.ca (D. Regan). 1 It has been suggested that, because the camouflaged shape is not visible in either half of a stereopair, the breaking of camouflage in dichoptic vision implies that the processing of disparity precedes the processing of spatial form (Julesz, 1971) . However, this argument is not necessarily valid. Consider, for example, a red-green analglyph viewed by an observer wearing red-green goggles. Although the camouflaged shape is not visible through either the left or the right eye, it is easily seen when the goggles are removed. It follows that an estimate of the shape, and size of the camouflaged form can be provided by neurons that merely sum signals from the two eyes. If this information was fed to the neural mechanism sensitive to relative disparity, the question whether disparity is processed before or after spatial form would become moot. And the difficulty of the correspondence problem would be considerable eased. The chief action of the disparity-sensitive mechanism would be to support a percept of relative depth and to sharpen the edges of the camouflaged shape.
2 Further psychophysical evidence indicates that these filters feed long-range comparators that encode relationships (orientation difference, mean orientation, separation, mean location) between two cyclopean bars situated some distance apart, while being insensitive to stimuli located between the two bars (Kohly & Regan, 2000) . Cormack, Stevenson, & Schor, 1993; Julesz & Miller, 1975; Schumer & Ganz, 1979; Tyler, 1983; Yang & Blake, 1991) . However, although the existence of a tilt aftereffect for cyclopean form indicates that these early cyclopean filters are tuned to orientation (Cavanagh, 1989; Tyler, 1975) , estimates of the orientation tuning bandwidth of cyclopean filters are lacking. In the present paper, we report an attempt to measure orientation tuning bandwidths of cyclopean mechanisms in humans using an objective rather than a psychophysical approach. Because our approach and rationale may be unfamiliar, we will briefly introduce them.
During the time that an observer views a temporally repetitive stimulus it may be possible to record a repetitive brain signal from scalp electrodes. A steadystate evoked potential is defined as a repetitive brain response whose constituent discrete frequency (Fourier) components remain constant in amplitude and phase throughout the stimulation (Regan, 1966 (Regan, , 1989 .
3 The Heisenberg-Pauli-Gabor equation states that the frequency resolution (DF Hz) within the spectrum of a steady-state evoked potential is equal to (DT ) À1 , where DT is the recording duration in seconds (Gabor, 1946; reviewed in Regan, 1989) . Thus for example, a recording duration of 100 s offers a maximum possible resolution of 0.01 Hz in the response spectrum. 4 In the present study we used nondestructive zoom-FFT (Regan & Regan, 1988a,b) to attain the maximum possible resolution in the frequency domain. Each recording had a duration of 128 s, giving a spectral resolution of 0.0078 Hz independently of the bandwidth of the frequency spectrum. In our case this gave 3800 frequency bins over the recording bandwidth of 0.3-30 Hz. This procedure can display a signal frequency components at a high signal-to-noise ratio even when the power of the component is hundreds or even thousands of times less than the power of the corresponding averaged waveform (Regan, 1989, Fig. 1.70A; Regan & Regan, 1988a,b, Fig. 10; Regan & Regan, 1989, Fig. 1 ). The reason is that a signal frequency component can lie within only one bin (Regan, 1989, pp. 95-96) , while the noise is spread throughout all bins. We labelled or ''tagged'' the two gratings by assigning them different temporal modulation frequencies.
5
The rationale used in the experiment described below is as follows. It is well known that a grating that is counterphase-modulated at F 1 Hz and presented in isolation can generate steady-state evoked potential components at the pattern-reversal frequency 2F 1 Hz and at harmonics of that frequency (i.e., 4F 1 , 6F 1 , 8F 1 , etc.). If this is so, a second grating of the same spatial frequency and orientation that is counterphase-modulated at F 2 Hz (where F 1 % F 2 ) will generate steady-state evoked potential components of 2F 2 Hz and harmonics when presented in isolation. However, if the two gratings are superimposed it is not necessarily the case that the resulting response will be the linear sum of the responses to the gratings presented in isolation. On the contrary, for luminance-defined (LD) gratings one may observe nonlinear suppression of pattern response components such as 2F 1 and 2F 2 , coupled with the generation of nonlinear cross-modulation pattern response components of frequency (2nF 1 þ 2mF 2 ), where n and m are integers and can be negative or positive (Regan, 1983; Regan & Regan, 1986 , 1987 . The crucial point is that such nonlinear interactions between responses to the two grating patterns can occur only if the orientations of both gratings fall within the orientation tuning bandwidth of a single neural mechanism (In other words, the mechanism must ''see'' both gratings.). Thus, by progressively increasing the orientation difference between the two gratings, it is possible to estimate the orientation tuning bandwidth of the mechanism sensitive to cyclopean form. In a previous study we used sinusoidal LD gratings (Regan & Regan, 1986 , 1987 . In the present study on cyclopean form we use squarewave gratings because it is not possible to generate a sinusoidal cyclopean grating (without monocular cues) whose orientation is other than within the meridian that contains the eyes (horizontal in our case). This is because a nonhorizontal sinusoidal cyclopean grating necessarily contains variations of dot density at the periodicity of 3 There are several important distinctions between frequencydomain techniques and time-domain techniques (such as signal averaging). Furthermore, the data obtained using the two kinds of technique are by no means necessarily equivalent (Regan, 1972, pp. 236-237) . Fig. 1 .32A-F on p. 40 of Regan (1989) illustrates a point that has particular relevance in the present context. This is that signal averaging can destroy some or even all of the information generated by the two-sinewave approach we use here, and the information is permanently lost and cannot be recovered by subjecting the averaged waveform to Fourier analysis. 4 Two frequency components are said to be resolved when the first zero crossing (upper frequency) of one component in the amplitude spectrum coincides with the first zero crossing (lower frequency) of the second component.
5 This ''frequency-tagging'' technique was first used in the context of visual field investigation. The four quadrants of the visual field were stimulated at frequencies that differed sufficiently (by 0.2 Hz) to allow four steady-state evoked potentials to be recorded simultaneously from any given scalp electrode, yet were sufficiently close as to be identical from the point of view of the visual system (Regan & Heron, 1969; Regan & Cartwright, 1970) . The technique has also been used to tag signals from left and right eyes (Regan & Regan, 1989; Tononi, Srinivarsan, Russell, & Edelman, 1998) , the spatial frequencies (Regan, 1983) , the temporal frequencies (Regan, 1983) and the orientations (Regan & Regan, 1986 , 1987 , 1988a of two superimposed LD gratings in experimental measurements of the spatial-frequency, temporal-frequency and orientation tuning of visual system mechanisms sensitive to luminance contrast, and also used to tag visual and auditory modulations in an experimental demonstration and location of a visual-auditory convergence area in the human brain (Regan, He, & Regan, 1995) . the cyclopean grating, and these, are visible to one or both eyes monocularly.
General methods

Apparatus
Referring to Fig. 1 , a vertical squarewave cyclopean grating was generated within dynamic random noise on monitor M1 and the disparity of adjacent bars was counterphase-modulated with an F 1 Hz sinusoidal waveform. The frame rate of M1 was 120 Hz and the sense of circular polarization of liquid crystal LC1 was switched on alternate frames. The observer wore passive circularly polarizing goggles (CPG) so that the left and right eyes' components of each stereopair were routed to the appropriate eyes. A second squarewave cyclopean grating of variable orientation could be generated within dynamic random noise on monitor M2, the disparity of adjacent bars was counterphase-modulated at F 2 Hz with a sinusoidal waveform, and the left and right eyes' components of each stereopair were routed to the appropriate eyes by means of liquid crystal LC2. The two displays were optically superimposed by pellicle P (Fig.  1) . The square display was viewed at a distance of 70 cm and subtended 16°Â 16°. Each cycle of the temporal sinusoid on either display was a series of 12 different stereopairs. A new stereopair was presented ca. every 40 ms. At any given instant 256 bright dots were visible to either eye on monitor M1 and also on M2. Each dot subtended 0:12°Â 0:12°. The disparity of any given cyclopean bar oscillated between AE0.98°(AE8 dot widths) with respect to the plane of the display. A fixation mark at zero disparity at the centre of the display was provided by a laser pointer (not shown in Fig. 1 ).
The appearance of the display was as follows. Individual dots appeared and disappeared like the 'snow' on a detuned television set. When either of the two monitors was occluded the observer saw sharp-edged cyclopean bars within the dynamic random noise (Fig. 2) . Adjacent bars oscillated forward and backward in depth in antiphase about a mean of zero disparity.
Recording technique
Evoked potentials were recorded from scalp electrodes and, as mentioned earlier, analyzed by zoom-FFT in a Bruel and Kjaer model 2035 analyzer so as to give the power spectrum at ultra-high (0.008 Hz) resolution. The placement of electrodes was as follows. Electrode 1 was located on the inion, electrode 2 on the vertex, electrode 3 halfway between the inion and the vertex, and electrode 4 was 6 cm to the right of electrode 1. The right earlobe was grounded. The following electrode pairs were connected to six different amplifiers: 4-3, 4-1, 2-3, 3-1, 1-2, 4-2. The amplifier's outputs were fed, respectively, to channels 1-6 of the Bruel and Kjaer analyzer. Stimulus frequencies F 1 Hz and F 2 Hz were fed, to channels 7 and 8 of the analyzer. Amplifier bandwidth was 0.3-30 Hz. The duration of each recording was 125 s. This technique has been described previously in detail (Regan & Regan, 1988a ,b, 1989 .
The signal frequency components were identified as follows. The temporal modulation signal for the fixed and variable grating (F 1 and F 2 Hz respectively) were fed to the analyzer for 128 s so as to give the two frequencies to an accuracy of 0.008 Hz. In-house software then computed a series of 20 harmonic and cross-modulation frequencies and drove a cursor that selected a designated signal frequency, illuminated that particular ordinate in the display (Figs. 5 and 6 show displays), and calculated the response power. Methods for estimating the signalto-noise ratio of a signal frequency component in a power spectrum are discussed in Regan (1989, p. 110) and Regan and Regan (1989) . In brief, the procedure is to measure the power in individual bins adjacent to the signal (we consider 10 on either side) and quantify the degree to which the signal component exceeds the noise in adjacent bins. Here we use a conservative method of stating the ratio between the signal power and the power in the largest adjacent bin.
Subjects
Three subjects participated in this study. Subjects 1 and 2 were males, aged 53 and 25 years respectively. Subject 3 was a female aged 39 years. All had 6/6 acuity.
Experiment 1
Purpose
The aim of Experiment 1 was to determine the orientation selectively of the response to a single cyclopean grating.
Methods
Monitor M2 was occluded by a black card and power spectra were recorded for different grating orientations. This experiment was repeated for 6 bar widths from 0:5°to 3:5°. Fig. 3 shows that for the 1:9°bar width used in Experiment 1, the response at the pattern-reversal frequency was considerably stronger for both obliques than for either vertical or horizontal. This effect, however, depended on bar width. Oblique gratings gave the largest responses over a range of bar widths of about 1.2-1:9°, but were comparable to the responses produced by vertical or horizontal gratings for larger or smaller bar widths. The signal-to-noise ratio of the largest responses in Fig. 3 is typified by Fig. 5. 
Results
Experiment 2
Purpose
The aim of Experiment 2 was to find whether the orientation tuning curve shown in Fig. 3 represents the activity of a single orientation-tuned cyclopean mechanism.
Methods
The vertical cyclopean grating generated by monitor M1 (Fig. 1) was modulated sinusoidally at 1.05 Hz (i.e. local disparity was modulated at 1.05 Hz and the modulation was in antiphase in adjacent bars). The optically superimposed cyclopean grating generated by monitor M2 was counterphase-modulated sinusoidally at 1.35 Hz and was varied in orientation. Bar width was 1:9°for each of the two cyclopean gratings. The appearance of the display was as follows. A beating effect of frequency (F 1 À F 2 ) Hz was evident when the display generated by monitor M2 was exactly superimposed on the M1 display and both sets of bars were vertical. The sinusoidal oscillation in depth slowly grew larger, then diminished to zero so that no bars were visible, then slowly grew large again, and so on. The percept was more complex when the bars displayed by monitor M2 were not vertical. For example, in the case that the bars generated by monitor M2 were horizontal the resulting Fig. 3 . An inverse oblique effect. Data points show the effect of grating orientation on the 2F Hz response to a single cyclopean grating whose disparity was counterphase-modulated at frequency F (1.05 Hz). Bar width was 1:9°. Observer 1.
percept was a pattern of cyclopean checks at the instant when the maximum amplitudes of the cyclopean bars generated by M1 and M2 occurred simultaneously (Fig.  4) . However, as the relative phases of the two oscillations slowly changed the spatial appearance of the pattern slowly changed with either horizontal or vertical bars predominating at different instants.
Results
Fig . 5 shows the response to the cyclopean grating generated by monitor M1 while the M2 display was covered by black card. No response at the counterphasemodulation frequency F 1 nor at its odd harmonics (e.g. 3F 1 ) was evident, but there was a strong response at the pattern-reversal frequency (2F 1 Hz), i.e. the frequency at which near and far bars exchanged places (the signal-tonoise ratio was 10). This is also the frequency of reversal of the steep gradient of disparity across the edges of the bars. Similarly, when monitor M2 was covered by a blank card, there was a strong response at frequency 2F 2 Hz, a weaker response at 4F 2 Hz, and no response at odd harmonics. The 2F 2 response was somewhat larger than the 2F 1 response because of the difference in modulation frequency. Fig. 6A shows the result of superimposing the two cyclopean gratings with both gratings vertical. The 2F 1 term in Fig. 5 was completely suppressed and the 2F 2 term was almost completely suppressed. A strong nonlinear cross-modulation component of frequency (F 1 þ F 2 ) Hz appeared with a signal-to-noise ratio of 5. Fig. 6B shows that when the orientation of the variable grating was set at 45°the (F 1 þ F 2 ) component disappeared and, although the 2F 1 Hz component remained completely suppressed, the 2F 2 Hz component was somewhat larger than in Fig. 6A with a signal-to-noise ratio of 7. When the orientation of the variable grating was set at 90° (  Fig. 6C ) no response components were evident in the spectrum. Data from observer 2 were similar except that the (F 1 þ F 2 ) term was not evident.
Discussion
In a study on superimposed LD gratings that is analogous to the experiment just described, the 2F 1 Hz component at the pattern-reversal frequency of the fixed vertical grating was strongly suppressed when the variable grating was either vertical or horizontal, but was much less strongly suppressed when the variable grating was inclined at 45°to the vertical (Regan & Regan, Fig. 4 . Negative photograph of one frame of the stereopair display of a horizontal cyclopean grating superimposed on a vertical cyclopean grating. This illustrates the instant during the temporal modulation when the observer saw a pattern of checks, neither grating predominating. Fig. 5 . Power spectrum of the brain response evoked by a single vertical cyclopean squarewave grating of bar width 1:9°whose disparity was counterphase-modulated sinusoidally at frequency F 1 (1.05 Hz). The spectral resolution was 0.008 Hz. Recording between an electrode on the inion and an electrode on the vertex. The right earlobes were grounded. Observer 2. 1987, 1988a,b) . The following explanation was offered: (1) the neural mechanism responsible for the 2F 1 Hz response to a LD grating is tuned to orientation. The half-height full bandwidth of the suppression was estimated as % 30°; (2) there is a strong nonlinear interaction between mechanisms that prefer horizontal and vertical orientations. Our present data on cyclopean gratings can be discussed along these same lines.
Because both of the superimposed gratings were cyclopean, the nonlinear interactions we report here must have been between responses to the two gratings that occurred after signals from the left and right eyes had converged.
A major difference between our present cyclopean data and previous data on LD gratings is that superimposed LD gratings produced a clear (2F 1 þ 2F 2 ) Hz nonlinear interaction component that behaved in the opposite way to the 2F 1 Hz component, being large when the gratings were parallel or orthogonal and small when the gratings were at 45°each other. For cyclopean gratings none of our subjects gave a (2F 1 þ 2F 2 ) Hz component. This suggests that, at least for the subjects in the present and the previous study, the nonlinearity of the orientation-tuned mechanism for cyclopean form is of a quite different nature to the nonlinearity of the orientation-tuned mechanism for LD form.
Next we discuss the (F 1 þ F 2 ) Hz response in Fig. 6A . In Fig. 5 , even if each bar generated responses at the frequency of local oscillations of disparity (i.e. F 1 ) it would not be expected that any appreciable response component at F 1 Hz would be observed, because the disparities of adjacent bars were modulated with 180°p hase difference so that the responses generated by individual bars would sum to near-zero at any given scalp electrode. The situation is different for the (F 1 þ F 2 ) Hz nonlinear interaction component evident in Fig. 6A . This component can be attributed to a nonlinear interaction between responses to F 1 and F 2 Hz modulations of local disparity. rather than being related to the processing of the spatial structure of the gratings. The (F 1 þ F 2 ) Hz signals produced within any given bar would have a phase difference of 360°between adjacent Fig. 6 . (A-C) Power spectra of the brain response recorded while the observer viewed a vertical cyclopean squarewave grating whose disparity was counterphase-modulated sinusoidally at frequency F 1 (1.05 Hz) on which was superimposed a second cyclopean squarewave grating whose disparity was counterphase-modulated at frequency F 2 (1.35 Hz) and whose orientation was variable. Bar width was 1:9°for both gratings. The spectral resolution was 0.008 Hz. Recording was between an electrode on the inion and an electrode on the vertex. Observer 2.
bars (Bennett, 1933) and would, therefore, sum over the entire pattern. The (F 1 þ F 2 ) Hz component would be expected to vanish when the variable grating was tilted through a small angle such that the area of any given bar of the F 1 Hz vertical grating was half covered by one F 2 Hz bar while the other half was covered by a second adjacent F 2 Hz bar that was modulated in antiphase to the first. A similar effect was observed with LD gratings, but for other terms ((F 1 þ 3F 2 ), (5F 2 À F 1 )) as well as the (F 1 þ F 2 ) term (Regan & Regan, 1987 , 1988a .
The 2F 1 component at the pattern-reversal frequency was nonlinearly suppressed, not only when the superimposed grating was parallel to the fixed vertical grating, but also when it was at 45°and at right angles. One possible explanation for this finding is that just as in the case of LD form, there are strong nonlinear interactions between cyclopean mechanisms that respond best to horizontal and to vertical bars. The complete suppression of the 2F 1 response is not surprising considering that, because of the difference in modulation frequencies, the variable grating was a stronger stimulus than the fixed grating.
An isolated grating with a bar width the same as in Experiment 2 gave a larger pattern-reversal response when orientated obliquely than when it was horizontal or vertical. Therefore, we cannot assume from the finding that the 2F 2 response was larger in Fig. 6B than Fig. 6A that the sensitivity of the cyclopean mechanism was greatly less at 0°(vertical) than at 45°. Therefore we conclude that for the subjects reported here the halfsensitivity full orientation bandwidth of the cyclopean form mechanism that prefers bars 1:9°wide is greater than 90°. This is considerably broader than our previous estimate of the corresponding bandwidth for LD form (Regan & Regan, 1987) . The suppression of the 2F 2 Hz response of the vertical grating by the horizontal grating in Fig. 6C indicates that the cyclopean mechanism that responded to the vertical grating was also sensitive to a horizontal grating.
Finally we note that, for LD gratings of high spatial frequency viewed foveally, contrast sensitivity and grating acuity are less for oblique than for vertical and horizontal gratings 6 (Berkeley, Kitterle, & Watkins, 1975; Taylor, 1963) . Here, we report that, over a range of bar widths of about 1.2-1.9°and for the subjects reported here, steady-state evoked potentials to cyclopean gratings show an inverse oblique effect. Wilson, Loffler, Wilkinson, and Thistlewaite (2001) reported that, for the 3 subjects that they tested, psychophysical thresholds for detecting structure in random-dot glass patterns also showed an inverse oblique effect, and suggested that the relevant common factor in their experiment and our report of an inverse oblique effect for cyclopean gratings is that spatial form was carried by a dot pattern.
